Objective: T-peak-T-end (TPE) interval, which represents the dispersion of repolarization, is defined as the interval between the peak and end of the T-wave, and is associated with increased malignant ventricular arrhythmia and sudden cardiac death (SCD) in patients with ST elevation myocardial infarction (STEMI). Although prolonged TPE interval is associated with poor short-and long-term outcomes, even in patients with STEMI treated with successful primary percutaneous coronary intervention (pPCI), clinical, angiographic, and laboratory parameters that affect TPE remain to be elucidated. The aim of our study was to evaluate the potential relationship between prolonged TPE interval and reperfusion success using ST segment resolution (STR) in patients with STEMI undergoing pPCI. Methods: In the current study, 218 consecutive patients with STEMI who underwent pPCI were enrolled; after exclusion, 164 patients were included in the study population. Results: Patients were divided into two groups according to the presence of complete (STR%≥70) or incomplete (STR%<70) STR. Preprocedural corrected TPE (cTPE PRE ;116±21 ms vs. 108±21 ms; p=0.027), postprocedural TPE (TPE POST ; 107±16 ms vs. 92±21 ms; p<0.001), and postprocedural cTPE (cTPE POST ; 119±19 ms vs. 102±17 ms; p<0.001) intervals were significantly longer in patients with incomplete STR than in patients with complete STR, whereas there was no statistically significant difference between the two groups in terms of pre-and postprocedural and corrected QT intervals. cTPE PRE and cTPE POST were found to be independent predictors for incomplete STR. Conclusion: To our knowledge, this is the first study that evaluated the relationship between TPE interval and no-reflow defined by STR in patients with STEMI who were treated with pPCI. ( 
Introduction
T-peak-T-end (TPE) interval, which is defined as the interval between the peak and end of the T-wave, represents the dispersion of repolarization. Abnormal repolarization and prolonged TPE interval are associated with increased malignant ventricular arrhythmia and sudden cardiac death (SCD) in many acquired and congenital cardiac diseases (1, 2) . Recently, the relationship between prolonged TPE interval and worse short-and long-term outcomes in patients with STEMI has been established (3) (4) (5) . Although prolonged TPE interval has been shown to be associated with poor short-and long-term outcomes, even in patients with ST elevation myocardial infarction (STEMI) who are treated with successful primary percutaneous coronary intervention (pPCI), clinical, angiographic, and laboratory parameters that affect the TPE interval remain unclear.
Coronary no-reflow (NR) is defined as imperfect myocardial perfusion despite successful restoration of epicardial coronary flow (6) , and is associated with larger myocardial infarct size, lower left ventricular ejection fraction, adverse left ventricular remodeling, increased mechanical complications, heart failure, and death (7) (8) (9) . NR has been reported in up to 60% of patients with STEMI, and its incidence varies according to the diagnostic method, such as thrombolysis in myocardial infarction (TIMI) grade, corrected TIMI frame count, myocardial blush grade (MBG), and ST segment resolution (STR) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Despite prolonged TPE interval and NR being associated with poor prognosis in patients with STEMI, no study has investigated the possible relationship between TPE interval and NR using STR. In the present study, we aimed to investigate the relationship between TPE interval and coronary NR using STR in patients with STEMI treated with pPCI.
Methods
Study population A total of 218 consecutive patients with STEMI who underwent pPCI between January 2014 and January 2015 were enrolled in this cross-sectional study. STEMI was defined based on the following criteria: ongoing ischemic symptoms (within 12 h); typical rise or fall in cardiac biomarker levels; new ST elevation in ≥2 contiguous leads, with leads V1, V2, and V3 measuring at least 0.2 mV or remaining leads measuring at least 0.1 mV; or newly developed left bundle branch block pattern (19) . Patients with a previous history of MI and structural heart disease (26 patients), inappropriate electrocardiogram (ECG) due to poor image quality, bundle branch block, second-and third-degree AV block, QRS duration (QRSD) of >120 ms (17 patients), and inconclusive clinical data from hospital files and computer records (11 patients) were excluded from the study. Thus, 164 patients constituted the study population. Using hospital records, the patients' baseline clinical and demographic characteristics and past history, including hypertension (HT), diabetes mellitus (DM), CAD, family history of CAD, dyslipidemia, and smoking status were obtained. The study protocol was reviewed and approved by the local Ethics Committee of our university in accordance with the Declaration of Helsinki.
ECG analysis
A digital 12-lead ECG recorded at a speed of 25 mm/s and voltage of 10 mm/mV was obtained for all patients at admission (preprocedural ECG) and 60 min after pPCI (postprocedural ECG). All ECGs were scanned, loaded on a computer, sufficiently magnified, and analyzed with a digital image processing software (imagej.nih.gov/ij/). All measurements were evaluated by two independent cardiologists who were blinded to other patients' clinical information. STR ≥70% was defined as succesful reperfusion. The TPE interval was measured from the lead that had the longest TPE interval to no ST-T wave change by the tail method (22) . Heart rate and QRS and QT intervals were also measured. Because the QT and TPE intervals vary with heart rate, Bazett's formula (corrected index interval=index interval/√R-R) was applied to the QT and TPE intervals to determine corrected values of QT (cQT) and TPE (cTPE) intervals, respectively (23) . The durations in milliseconds (ms) were obtained from pre-and postprocedural ECGs. The sum of the pre-and postprocedural ST segment elevation (∑STE PRE , ∑STE POST ) was measured 20 ms after the end of QRS complex of the infarct-related artery (IRA) leads. The percentage of STR was calculated according to the following formula: 100 * (∑STE PRE -∑STE POST ) / ∑STE POST .
Coronary angiography
Coronary angiography and PCI were performed according to standard practice. All patients received anticoagulation therapy with unfractionated heparin [70-100 units/kg (maximum dose, 10.000 U)] and dual antiplatelet therapy with aspirin (300 mg) and clopidogrel (600 mg) before the procedure. Coronary blood flow patterns before and after primary PCI were thoroughly evaluated using TIMI flow grades (0-3) (10). MBG was assessed according to the technique defined by van't Hof et al. (20) . Thrombus burden was assessed according to TIMI thrombus grading scale, ranging from grade 0 (no thrombus) to 5 (very large thrombus causing vessel occlusion). Patients with grade 5 thrombus were reclassified into grades 0-4 after recanalization with guidewire or small balloon (21) .
Statistical analysis
Data were analyzed using the SPSS 17.0 version (SPSS Inc., Chicago, Illinois, USA). Intra-and interobserver variabilities in TPE measurements were estimated by calculating the Lin's concordance correlation coefficient. Concordance correlation coefficients were 0.991 [95% confidence interval (CI), 0.988-0.994] for the preprocedural TPE interval and 0.992 (95% CI, 0.989-0.994) for the postprocedural TPE interval, evaluated by the same observer. Concordance correlation coefficients were 0.990 (95% CI, 0.986-0.992) for the preprocedural TPE interval and 0.988 (95% CI, 0.984-0.991) for the postprocedural TPE interval between the two observers. Normality of the data distribution was analyzed using the Kolmogorov-Smirnov test. The numerical variables with a normal distribution were presented as the mean±standard deviation, whereas those without a normal distribution were presented as the median (interquartile range). Categorical variables were presented as number and percentage (%). Continuous variables between the two independent groups were compared using the Student's t-test or Mann-Whitney U test. Continuous variables with normal distribution between the two dependent groups were compared using the paired ttest. Categorical data were compared using the chi-square or Fisher's exact test. Statistical significance was defined as a p value of <0.05. Multiple variable logistic regression analysis was performed to identify the independent predictors for incomplete STR (STR<70%) using variables that showed marginal association with STR (p<0.05) on univariate testing. Receiver operating characteristic (ROC) curve analyses were performed to determine the best cut-off value of pre-(cTPE PRE ) and postprocedural cTPE (cTPE POST ) intervals for predicting incomplete STR. The effect size (Cohen's d) and power value (1-β) for cTPE PRE and cT-PE POST intervals, compared between patients with complete and incomplete STR, were calculated using the G*Power software (version 3.1.9.2). The alpha level used for this analysis was <0.05. The effect size and power value were 0.94 and 0.99 for cTPE POST and 0.38 and 0.76 for cTPE PRE .
Results
The study population consisted of 164 patients with STEMI (mean age, 62±12 years; females, 25.6%) who underwent pPCI. Patients were divided into two groups: with STR% <70 (n=102) and STR% ≥70 (n=62). Patients with STR% <70 had older age, higher incidence of HT, DM, current smoking, fasting blood glucose, C-reactive protein (CRP) levels, and peak CK-MB levels compared with those with STR% ≥70. Increased symptom to balloon time, longer lesion length, preprocedural TIMI grade 0, TIMI thrombus grade ≥2, and angiographic NR were seen more frequently in patients with STR% <70. The baseline characteristics, and clinical, angiographic, and laboratory findings of all study patients are summarized in Table 1 .
The patients with STR% <70 had higher Q wave on admission ECG and longer cTPE PRE (116±21 vs. 108±21; p=0.027), TPE-POST (107±16 vs. 92±21; p<0.001), and cTPE POST (119±19 vs. 102±17; p<0.001) than those with STR%≥70 ( Table 2 , Fig. 1a-1b) . There was no statistically significant difference between pre-and postprocedural QT, cQT, TPE, and cTPE intervals in patients with STR <70, but there was a statistically significant decrease in TPE and cTPE intervals after pPCI in patients with STR% ≥70 (Table  3) . cTPE PRE , TPE POST , and cTPE POST were correlated with STR%, peak CK-MB levels, and postprocedural IRA TFC, with statisti- CK-MB-creatine kinase-myocardial band, CRP-C-reactive protein, FGL-fasting glucose level, IRA -infarct related artery, LAD-left anterior descending, LVEF-left ventricular ejection fraction, STR-ST segment resulution, TFC-TIMI frame count, TIMI-trombolysis in myocardial infarction Continuous variables with normal distrubiton presented as mean±standard deviation were compared using Student t test. Continuous variables without normal distrubiton presented as median and interquartile range were compared using Mann-Whitney U test. Categorical variables presented as number and percentiles were compared using chi-square test cally significant correlations between the parameters (Table 4 , Fig. 2a-2b ).
Multiple variable logistic regression analysis was used for determining the independent predictors for STR% <70. Univariate analysis showed that age, HT, DM, smoking, fasting glucose level, CRP level, peak CK-MB level, symptom to balloon time, preprocedural TIMI grade 0, thrombus grade ≥2, angiographic NR, stent length, left ventricular ejection fraction, Q wave on admission, cTPE PRE , TPE POST , and cTPE POST were significantly associated with STR% <70. However, in multiple variable analysis, age, symptom to balloon time, angiographic NR, cTPE PRE , and cTPE POST were found to be independent predictors for STR% <70 (Table 5 ). The cut-off values of cTPE PRE and cTPE POST intervals for predicting STR% <70 were 96 with a sensitivity of 87.3% and specificity of 40.3% (AUC, 0.592; p=0.048) and 103 with a sensitivity of 81.4% and specificity of 62.9% (AUC, 0.756; p<0.001), respectively (Fig. 3) .
Discussion
Our study demonstrated that prolonged cTPE PRE and cTPE POST intervals were significantly associated with reperfusion success and independent predictors for imperfect STR.
In clinical practice, there are several methods to define reperfusion success in the setting of STEMI, including TIMI grade, corrected TIMI frame count, MBG, and STR (10-18). ST segment changes reflect myocardial rather than epicardial flow and thus yield prognostic information beyond that provided by coronary angiogram alone. Numerous studies have shown that STR% ≥70 (complete resolution) was significantly associated with lower infarct size and subsequent morbidity and mortality (14-18). In our study, incomplete STR (<70%) was seen in 62.2% (n=102) of patients. Consistent with the results of previous studies, we found that older age, history of DM, smoking, large infarct size (higher symptom to balloon time, presence of Q wave on admission ECG, peak CK-MB level, decreased LVEF), more frequent preprocedural TIMI grade 0, high thrombus burden, and angiographic NR were associated with incomplete STR (7-13). In addition, we found that history of HT was more prevalent in patients with NR despite lack of evidence regarding the relationship between NR and HT. This contradictory result could be explained by the relationship between HT, endothelial dysfunction (24), slow coronary flow (25) , and increased atherosclerotic burden (26) in stable CAD. Acute MI involves electrochemical and metabolic alterations of cardiac muscles, which in turn affect electrochemical gradient, tissue oxygen level, ion channel conditions, and pH. These changes have a complex effect on the duration of action potentials in the ischemic zone and ischemic border zone; thus, TPE and QT intervals display modestly compatible changes (1-5, 27, 28) . We hypothesized that the severity of these changes is related with reperfusion success, and that prolongation of QT and TPE intervals could be predictors for imperfect myocardial flow despite successful restoration of the epicardial flow. It is known that myocardial ischemia prolongs QT interval while reperfusion shortens it (29, 30) ; however, there was no statistically significant relationship between QT interval and reperfusion features in our study. We observed that TPE and cTPE intervals reduced after pPCI in patients with complete STR; no statistically significant change was observed in patients with incomplete STR despite numerical increase. In addition, patients with incomplete STR had significantly longer cTPE PRE , TPE POST , and cTPE POST intervals than those with complete STR; cTPE PRE and cTPE POST intervals were independent predictors for incomplete STR. Similar to our results, Eslami et al. (5) and Duyuler et al. (31) found that reperfusion success was more closely related with shortened TPE interval than with QT interval. However, there were some differences between the results of our and previous studies. We assessed reperfusion success according to STR, ∑STE PRE -preprocedural sum of ST segment elevation, ∑STE POST -postprocedural sum of ST segment elevation, cQT POST -postprocedural corrected QT interval, cQTPRE -preprocedural corrected QT interval, cTPE POST -postprocedural corrected TPE interval, cTPE PRE -preprocedural corrected TPE interval, HR-heart rate, QTPOST -postprocedural QT interval, QT PREpreprocedural QT interval, STR-ST segment resolution, TPE POST -postprocedural TPE interval, TPE PRE -preprocedural TPE interval
Continuous variables with normal distribution presented as mean±standard deviation were compared using Student t test. Continuous variables without normal distribution presented as median and interquartile range were compared using Mann-Whitney U test. Categorical variables presented as number and percentiles were compared using chi-square test Figure 3 . ROC graphs to detect the best cut-off value of cTPE PRE and cTPE POST intervals in the prediction of incomplete STR. ROC, receiver operating characteristic; cTPE PRE , preprocedural corrected TPE interval; cTPE POST , postprocedural corrected TPE interval which was claimed to better reflect reperfusion at cellular level, but not according to angiographic indices. Also, we observed that prolonged cTPE PRE interval was an independent predictor for imperfect reperfusion, which was not found in previous studies (5, 31) . Shortening of the TPE interval, without shortening of the QT interval, in patients with complete STR can be explained by the fact that these parameters, which have similar clinical applications, represent electrophysiologically different properties in healthy and ischemic myocardia. The duration of the action potential represented by the QT interval on surface ECG is prolonged due to myocardial ischemia/infarction. Moreover, this prolongation could last for hours and days due to the presence of nonischemic causes, such as autonomic alterations, even when tissue perfusion is successfully restored. Interventricular, intraventricular, and transmural heterogeneity in the repolarization duration of myocytes is represented by TPE on surface ECG. During myocardial infarction/ischemia, the heterogeneity in ventricular repolarization becomes more prominent because of increased differences in repolarization duration between normal, ischemic, and ischemic border zones, thus prolonging the TPE interval. Furthermore, the prolongation of TPE interval is more closely related with ischemia-induced metabolic alteration (intra-extracellular electrolyte concentration, electrochemical gradient, and pH), which rapidly improves with the restoration of the blood supply (28) . Prolonged TPE POST interval in patients with incomplete STR is an expected finding; however, it was surprising that cTPE PRE interval was also longer in these patients. This unusual finding can be explained in several ways: First, the infarct size of patients with NR in our study was larger than those without NR before pPCI, because they had a delayed symptom to balloon time and more frequent presence of Q waves on admission ECG. Large infarct size causes imperfect tissue perfusion due to tissue edema, endothelial dysfunction, and ischemia-reperfusion injury (9) . Second, patients with NR had more frequent risk factors for NR development, including older age, history of HT, DM, and smoking in the present study. These factors may have contributed to the expansion of the infarct size and thus the prolongation of the TPE interval before the procedure. Finally, the association of prolonged TPE interval with HT and DM could not only be explained by these being risk factors for NR but also by the results of recent studies which demonstrated that HT and DM could cause prolongation of TPE interval in patients without acute medical illness (32, 33) . The presence of more frequent history of DM and HT in patients with NR may have contributed to the prolongation of cTPEPRE interval in these patients.
Study limitations
The present study had a cross-sectional design; hence, it does not provide prognostic data. Reperfusion success was evaluated by visual assessment of coronary angiogram and STR; a more specific and sensitive method, such as coronary flow reserve, contrast ECG, or cardiac magnetic resonance, was not used. Although the ECGs were scanned, loaded on a computer, sufficiently magnified, and analyzed using a digital image processing software for precise measurement, standard calibration of ECG recordings (speed, 25 mm/s, voltage calibration, 10 mm/mV) may have caused errors during TPE and QT interval measurement.
Conclusions
The present study demonstrated that prolonged TPE interval is associated with reperfusion features in patients with STEMI, and that TPE could be used as a marker for reperfusion success. These results may provide valuable information about the factors that play a role in TPE prolongation which leads to poor prognosis in patients with STEMI. It also should be noted that the presence of more frequent history of DM and HT in patients with incomplete STR may contribute to the presence of prolonged cT-PE PRE interval in these patients.
